Nickel nanopowders were synthesized using an ethylene glycol-hydrazine-ammonia (EHA) system. Based on X-ray diffraction data, the resulting powders were identified as pure crystalline nickel with an average crystal size of $20 nm. The mean diameter of the Ni powders decreased as the amount of hydrazine used was increased. A small amount of an AgNO 3 solution, a nucleating agent, was found to facilitate the formation of the nanopowders. Ethylene glycol was found to be effective in preventing the nanopowders from becoming agglomerated.
Introduction
The preparation of dispersed, nano-size powders or clusters has been a subject of extensive investigation over the past two decades, because of their unusual properties and potential applications. 1) Fine Ni powders are required for high-tech applications in alkaline rechargeable batteries, magnetic recording media and for use as chemical catalysts. 2) A variety of methods have been reported for the synthesis of ultra-fine nickel powders and these include physical methods such as ball milling, pulsed electro-deposition (PED), thermal plasma, gas deposition methods (GDM), -radiation, 3) and chemical methods. Some of the chemical methods involve sono-chemical decomposition, 4) chemical reduction, 5) a microwave hydrothermal method, 6 ) mechanical alloying, mechano-chemical processing and a polyol process. 7, 8) Of these methods, chemical reduction in an aqueous solution is particularly well-suited to the synthesis of nano or ultra-fine nickel powders. [9] [10] [11] When this method is used, chemical control over the size and dispersed property of the powders is a challenge.
In order to develop a simple method for the synthesis of nickel nanopowders, Degen et al. [12] [13] [14] [15] used nickel acetate, which was then dissolved in special organic solvents to produce nickel powders. There are several chemicals involved in synthesizing nickel nanopowder via wet chemistry. The system should have a nucleating agent for the precipitation, a particle size inhibitor and surfactant to control the agglomeration. In this study, a process for the production of nickel nanopowders using an EHA system is described. The system, which is composed of ethylene glycol, hydrazine and ammonia water, is referred to herein as the EHA system. EHA system is designed considering the characteristics of the solvent. For this approach ethylene glycol was used as a solvent without surfactant. A small amount of AgNO 3 16) solution and aqueous ammonia were used as a nucleating agent and a pH controller, respectively. We will discuss the role of EHA system in forming nanocrystalline nickel.
Experimental
Commercially A suitable amount of nickel chloride was dissolved directly in ethylene glycol and appropriate amounts of hydrazine and aqueous ammonia were sequentially added to the solution. When the temperature of the mixture reached 85 C, a small amount of silver nitrate solution was added. The resulting suspension was stirred for 20 min and then allowed to age for an additional 30 min, during which the formation of Ni powders occurred.
The mixture was filtered and the residue was washed with ethanol. After centrifugal filtration on a Centrifuger MF 80 (Hanil Sci. Ind., Korea) at a speed of 3000 RPM for 5 min, the sample was dried at 50 C for a period of 5 h to give solid nickel powders. The reduction reaction can be expressed generally as shown below.
Analyses were performed by transmission electron microscopy (TEM), scanning electron microscopy (SEM) and X-ray diffraction (XRD) to determine the particle size, size distribution and particle configuration and to identify the present phase. Figure 1 shows an XRD pattern of the Ni powders obtained in this study. Three characteristic peaks for nickel (2 ¼ 44:5, 51.8 and 76. 4 ) were observed, corresponding to the (111), (200) and (220) planes of Ni, respectively. This indicates that the powder is pure nickel with a face-centered cubic (fcc) crystal structure. The crystal size was estimated to be $18:5 nm from this result using Scherrer's formula. For the analysis it was assumed that there is no strain in the powder after synthesis. It is not easy to disperse such nanopowders completely due to the magnetic properties of nickel and the high surface reactivity of the nanopowder. 17) A protective polymer is commonly used in wet chemical methods to inhibit particle agglomeration. In this study well-dispersed nanopowders were obtained using ethylene glycol even without a protective polymer. This represents a significant advantage in the handling of nano Ni powders.
Results

Powder characterization
Effect of parameters on particle size
The The relationship between Ag þ concentration and the size of the nickel powders is shown in Fig. 4 . The presence of a nucleating agent was also found to be critical in the synthesis Size/nm Fig. 3 8) Considering the cost, AgNO 3 is more appropriate as a nucleating agent in practical applications.
Discussion
Formation of nickel nanopowders
The process by which Ni powder is formed was investigated by observing the color change of solution. A rapid color change from green to dark-blue occurred during the experiment. The sequence involved in the precipitation process can be described by eqs. (2), (3) and (4) below: À from the NH 4 OH resulted in the production of nanopowders. NaOH can also be used for the same purpose, but it leads to a significant coarsening of the Ni powders.
Ni precipitates were not observed when ethylene glycol was used without the addition of a sufficient amount of hydrazine. This indicates that hydrazine, rather than ethylene glycol, is necessary for the reduction of nickel ions. It was also found that the addition of OH À accelerates the formation of pure nickel nanopowders in ethylene glycol. 14, 16) Otherwise, the process is slow.
Further, an elevated temperature and a trace of nucleating agent such as an AgNO 3 solution accelerated the reaction rate. The formation of nickel nanopowders was complete within 15 min at 85 C. At a temperature of 65 C, the reaction required more than 3 h and would never be complete, if conducted at room temperature. Hence, the reaction temperature was fixed at 85 C in this work. An excessive amount of [Ag þ ] and high reaction temperature promote the growth of nuclei, resulting in a powder containing large sized particles.
Powder agglomeration
The presence of a protective polymer is known to reduce static charges among nano-particles. The reduced charge should lead to decrease the agglomeration for charged particles. 18) However, this work shows that the agglomeration of powders can be minimized. Well-dispersed nanopowders shown in Fig. 2 were obtained using ethylene glycol even without a protective polymer. This suggests that ethylene glycol played the role of a protective layer on the particle surface in the reaction. This might occur via interactions between OH groups and nickel atoms. 16) It is interesting to note the additional role of ethylene glycol. Figure 5 shows an SEM micrograph of nanopowders, after washing with ethanol. At this stage, the ethylene glycol was not completely removed by the washing process. Thus, the powders remained in a paste form. However, the powders became dispersed as shown in Fig. 2 when the ethylene glycol was evaporated at 50 C. This indicates that a protective chemical, like ethylene glycol, might reduce the agglomeration by minimizing contact among the particles. That is known to be a cause of the static charge on fine particles.
When water was used in place of ethylene glycol, no pastry powder was produced. However, the size of the Ni particles was large due to the growth of the powders during the synthesis. Typically, it is difficult to completely disperse such nanopowders due to the magnetic properties of nickel and the high reactivity of the nanopowder surface. 17) However, the magnetic properties of nickel had no significant effect on the final nanopowders, when they were dispersed in ethylene glycol. This is a significant finding in the production of nanopowders.
Effect of parameters on particle size
The effect of [
] on the size of Ni particles can be attributed to the rate of reduction during the process. In wet chemistry, the growth of precipitates is usually faster than the nucleation process. Therefore, the nucleation process in the reaction is important in determinant of the size of the powders. Nuclei of powders start forming in ethylene glycol in the early stages of the reduction. In this work, at a low hydrazine concentration, [N 2 H 4 ÁH 2 O]/ [Ni 2þ ] < 10, the rate of reduction of nickel chloride was relatively slow and only a few nuclei were formed in the early stages of the reduction. As a result, powder growth was dominant, leading to the formation of large particles. However, with an increase in hydrazine concentration, the rate of reduction is enhanced, thus generating more nuclei as reported in elsewhere. 14, 16) ] ! 10, the rate of reduction reaches a maximum value and no further increase in nucleation rate takes place. The number of nuclei then remains constant with an increase in hydrazine concentration.
The addition of AgNO 3 to the solution caused the formation of a number of Ni nuclei. The reason is that Ag þ is reduced rapidly and this facilitates the formation of nickel powders. If an excess of AgNO 3 (>0:001 mol/L) is added, the nickel powders begin to coalesce, due to strong interactions among Ag, Ag þ and Ni 2þ . Thus, a high concentration of Ag þ has a negative effect on the quality of powders. The experimental results show that if the amount of nucleating agent is controlled properly, these powders become not only well-dispersed but also are nano-sized.
Summary and Conclusions
Ethylene glycol was used in the production of Ni nanopowders in this study. A summary and conclusions of our findings follows.
(1) Nickel nanopowders, with a crystal size of $20 nm and an agglomeration size of 100{200 nm, were successfully prepared in an ethylene glycol-hydrazine-ammonia (EHA) system. (2) Ethylene glycol was found to be effective in preventing the nanopowders from agglomerating. (3) The powder size decreased with the increasing amounts of hydrazine used and a nucleation agent, AgNO 3 , was found to be essential in promoting the formation of nickel powders.
